In this study, hierarchical BiOBr microspheres were synthesized via a one-pot solvothermal method in the presence of imidazole ionic liquids. The resultant samples were characterized by XRD, SEM, HRTEM, PL, EPR, EIS and UV-vis absorption spectroscopy. The photoactivity of BiOBr was evaluated by the photocatalytic degradation of methyl orange (MO) and tetracycline hydrochloride. Oxygen vacancies were detected in the system and proven to be correlated with the activity of the catalyst. It was also revealed that BiOBr microspheres prepared by 1-butyl-3-methylimidazolium bromide at 433 K for 8 hours displayed a superior performance compared to the other samples in the degradation of model organic contaminants. After 4.5 hours of reaction, the highest degradation efficiency of 94.0% was achieved by BiOBr-C 4 -Br. Stronger photoluminescence spectral intensities could be obtained as the cationic chain lengths of the ionic liquids reduced gradually. According to our experiments, the better performance of BiOBr-C 4 -Br in the degradation of model pollutants can be attributed to the effect of oxygen vacancies. The findings of our work may have important implications for the design of BiOBr.
Introduction
As a promising state-of-the-art photocatalyst, TiO 2 has ignited extensive scientic interest since it was rst reported in 1972, 1 due to its strong oxidizing ability, low toxicity, low cost and facile synthesis. Being regarded as an effective photocatalytic semiconductor material, TiO 2 was applied for solar energy conversion and for solving environmental problems.
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Although it has been widely used, TiO 2 still has the limitation that it can only absorb ultraviolet light. As we all know, ultraviolet light represents merely 4% of the solar energy available, whereas visible light accounts for 43% of the solar spectrum. Consequently, it has become a hot topic to explore catalysts with visible-light-response capability. 7 Recently, BiOBr has attracted our attention because the hybridization between the O 2p and Bi 6s states narrows the band gap well and enables BiOBr to make use of visible light. 8 In addition, it has good chemical stability and is environmentally friendly. 9, 10 BiOBr, which has [Bi 2 O 2 ] layer structures interleaved by double slabs of halogen atoms, is a transcendental V-VI-VII ternary semiconductor. Several researchers have reported on the applications and preparation of BiOBr micro/ nanostructures. Deng et al. reported the synthesis of onedimensional (1D) BiOBr nanowires and nanotubes using the cationic surfactant cetyltrimethylammonium bromide (CTAB) as the bromine source. Two-dimensional (2D) singlecrystalline BiOBr nanoplates, nanosheets and microsheets were also obtained by hydrogen peroxide oxidation of bulk metal Bi particles in a surfactant-mediated solution.
12 Fabrication of three-dimensional (3D) BiOBr materials are more sophisticated. Xia et al. successfully synthesized 3D ower-like hollow microsphere and porous nanosphere structures through a one-pot ethylene glycol (EG)-assisted solvothermal process in the presence of a reactable ionic liquid (IL). 13 Moreover, the applications of 3D BiOBr have been reported by many researchers. Zhang et al. applied BiOBr microspheres for the adsorption of methyl blue (MB) and Cr(VI).
14 Jiang et al. designed ake-like BiOBr using an acetic acid (HAc)-assisted hydrothermal route for photocatalytic degradation of methyl orange (MO). 15 Mesoporous BiOBr microspheres were collected by Feng and coworkers through a facile solvothermal method, and the activity of the catalyst in toluene photodecomposition was explored. 16 Ai and co-workers found that BiOBr microspheres, which displayed efficient photocatalytic activity, could remove the textile NO species in indoor air.
ILs are non-volatile and non-ammable organic salts with low melting points.
14 Because of their unique properties, such as extremely low volatility, high ionic conductivity, good dissolving ability and designable structures, they have been widely used as solvents, templates, and reactants for the synthesis of inorganic nanomaterials. [18] [19] [20] [21] In 2000, Dai and co-workers rst observed the construction of a SiO 2 aerogel which exhibited superior capability for solvation via a method using ILs. 7 Zhang's groups found that IL modication could trap the photoexcited electron in the conduction band of BiOI to inhibit the recombination of photoinduced electron-hole pairs, and thus enhance the photocatalytic activity of BiOI in the degradation of organic pollutants. 18 Xia and co-workers have also prepared carbon quantum dot/BiOBr nanoplates via an ILassisted hydrothermal approach. The synthesized catalyst possessed highly efficient photocatalytic activity for three different kinds of pollutant under visible light. ZnSe hollow nanospheres 27 and so forth. In these works, ILs acted not only as solvents, but also as templates. Nevertheless, the full potential of ILs as reagents in the controllable synthesis of BiOBr nanostructures remains to be fully explored.
Although there have been some achievements in the ILassisted preparation of BiOBr, it is necessary to develop a more ecofriendly and convenient synthesis method for BiOBr. Hence, the synthetic conditions still need to be explored. Furthermore, it is of great practical relevance to promote the photocatalytic performance of BiOBr by exploring the conditions for material synthesis. In our work, we synthesized BiOBr nanomaterials via an IL-assisted hydrothermal approach to determine the best preparation conditions. BiOBr samples were prepared using different kinds of ILs, and it was demonstrated that a type of imidazole IL could signicantly inuence the visible light photocatalytic activity of BiOBr.
Experimental section

Materials and reagents
Bismuth nitrate pentahydrate (Bi(NO 3 ) 3 $5H 2 O) was obtained from Tianjin Bodi Chemical Co. Ltd; dry ethanol and glycol ether were bought from Tinjin Fuyu Chemical Co. Ltd; ILs were purchased from Shanghai Chengjie Co. Ltd. All of the chemicals were of analytical grade and were used as received without further purication.
Synthesis methods
At rst, the optimum conditions of reaction time and temperature were explored. Aer this was successfully completed, BiOBr particles were prepared with ILs. The procedure can be summarized as follows: 2 mmol of bismuth nitrate pentahydrate was dissolved in 10 mL of GE. This was marked as solution A. In another process, solution B was formed by the dissolution of 2 mmol of 1-butyl-3-methylimidazolium bromide in 20 mL of GE. Solutions A and B were mixed together drop by drop with continuous stirring. When the colour of the solution turned from yellow green to clear (the BiOBr precursor solution was formed), 1 mmol of 1-butyl-3-methylimidazolium bromide was introduced. Aer stirring for another 1 h, the mixture was transferred into a 50 mL Teon reactor inside a high pressure vessel and heated at 433 K for 8 h. The resulting precipitates were collected, and thoroughly washed with deionized water and ethanol three times. Aer drying at 353 K in the air, the products were obtained. The particles were denoted as BiOBr-C 4 -Br. BiOBr was then synthesized by ILs with different chain lengths using the same procedure except that 1-butyl-3-methylimidazolium bromide was substituted by 1-octyl-3-methylimidazolium bromide, 1-dodecyl-3-methylimidazolium bromide and 1-cetyl-3-methylimidazolium bromide in solution B and in the addition to the clear BiOBr precursor. The products were denoted as BiOBr-C 8 , BiOBr-C 12 and BiOBr-C 16 , separately.
BiOBr was modied by ILs with different kinds of anions via a similar procedure. Aer the mixture of solution A and B had turned clear, 1 mmol of 1-butyl-3-methylimidazolium tetrauoroborate or 1-butyl-3-methyl-imidazole hexauorophosphate was introduced. Other steps were the same as those used in the preparation of BiOBr-C 4 -Br. The resulting products were BiOBr-BF 4 and BiOBr-PF 6 .
Characterization
X-ray powder diffraction (XRD) analysis was recorded with a Bruker Advance D8 powder diffractometer with a Cu-Ka radiation source. The scan range was with a rate of 0.02
The morphologies of the BiOBr catalysts were observed using scanning electron microscopy (SEM) and high resolution transmission electron microscopy (HRTEM) (JEOL JEM-2100F, accelerating voltage 200 kV). The Brunauer-Emmett-Teller (BET) specic surface areas of the samples were measured with a physical absorption analyzer (Tristar 3020). UV-vis diffuse reectance spectra (DRS) were obtained at room temperature between 200 and 800 nm using a UV-vis spectrophotometer (UV-4100, Hitachi, Japan) with BaSO 4 as a reectance standard. To study the recombination of photoinduced charge carriers, photoluminescence (PL, Hitachi F-4500, 250 nm) spectra were collected. Electron paramagnetic resonance (EPR) tests were carried out in a magnetic eld modulation of 100 kHz using a Bruker ER 200-SRC spectrometer at 77 K. Electrochemical impedance spectra (EIS) were analyzed by an electrochemical system (CHI-660D, China).
Photocatalytic activity measurement
The photocatalytic activities of the as-prepared BiOBr samples were tested by their performance in the photodegradation of methyl orange (MO) and tetracycline hydrochloride. Experiments were carried out in a photocatalytic reactor irradiated by a 300 W Xenon lamp with a 420 nm UV light cut lter. In a typical procedure, 0.1 g BiOBr photocatalyst were added into 100 mL solution with a MO concentration of 10 mg L À1 . Prior to the photocatalytic reaction, the suspension was magnetically stirred for 30 min in the dark to reach an adsorption-desorption equilibrium. Then the mixture was exposed to light irradiation under magnetic stirring. At certain intervals, about 4 mL of the suspension was sampled and ltered to remove the photocatalyst. The supernatant solution was analyzed by the UV spectrophotometer. The original concentration of the MO was represented by C 1 .
Results and discussion
The phase and purity of the samples was measured by XRD. Fig. 1 shows the typical diffraction patterns of the as- Fig. 2 . It can be observed from the SEM images that BiOBr-C 4 -Br formed aggregated, tremella-ball-like structures, which was in good agreement with the BiOBr reported previously. 13 The surfaces of the samples were comprised of numerous layered-crosslinked BiOBr, which was different from the traditional layered BiOBr synthesized by NaBr or KBr. This special morphology could make full use of the light, which might be due to the multiple reections among the layered-crosslinked appearance. To gain a better understanding of the microstructure of the as-synthesized microspheres, the BiOBr-C 4 -Br samples were analyzed by HRTEM. The HRTEM image showed that the lattice spacing (0.351 nm) matched the (011) crystal facet of BiOBr. It can be concluded that the BiOBr nanosheets were assembled to form microower-like morphologies and structures along the (011) planes, and that BiOBr microowers of 2-4 mm in size were obtained. From these results, we could conclude that BiOBr had been successfully prepared with different kinds of ILs, including 1-butyl-3-methylimidazolium bromide. In the procedure for the BiOBr preparation, the ILs played not only the role of the bromide source, but also the roles of the template and the solvent.
UV-vis diffuse reectance spectroscopy was conducted to measure the optical properties of the BiOBr samples. The band gap energy (E g ) of BiOBr prepared with different kinds of ILs can be estimated according to eqn (1) and the graph is exhibited in Fig. 3(b) .
where k represents a constant, and a, h, n and E g are the absorption coefficient, Plank constant, light frequency, and band gap, respectively.
28 Among them, n depends on the characteristics of the transition in a semiconductor. For BiOBr, the value of n is 2 because it is an indirect transition semiconductor, whereas a direct transition semiconductor has an n value of 0.5. The intercepts of the tangents at the x-axis give a good approximation of the band gap energies (E g ). The E g values of the synthesized BiOBr samples could thus be estimated from plots of (ahn) 1/2 versus photo energy (hn). As can be seen from Fig. 3 , by extrapolating the linear region, the band gap energies of BiOBr-C 4 -Br, BiOBr-C 8 , BiOBr-C 12 , BiOBr-C 16 , BiOBr-BF 4 and BiOBr-PF 6 were calculated to be 2.31, 2.30, 2.27, 2.21, 2.16, 1.97 eV, respectively, as listed in Table 1 . Moreover, those as-prepared catalysts have appropriate band gaps for activation by visible light for the photocatalytic degradation of organic pollutants, as manifested in Fig. 3(a) . MO was selected as the model contaminant for preliminary evaluation of the photocatalytic activities of the samples. The photocatalytic performances of the BiOBr samples were measured by evaluating the maximum absorption intensity of the MO chromophoric group at the maximum wavelength of 463 nm under a Xe lamp with a 420 nm UV light cut lter. As shown in Fig. 4(a) and (b), it can be found that the degradation of MO by BiOBr-C 4 -Br reached 94.0% in 270 min, which was more efficient than that of BiOBr-C 8 (85.1%), BiOBr-C 12 (83.5%), BiOBr-C 16 (69.2%), BiOBr-BF 4 (66.8%) and BiOBr-PF 6 (23.7%) under the same conditions.
To get a better understanding of the reaction kinetics of the MO degradation catalyzed by the as-prepared BiOBr photocatalysts, the experimental data were tted by a rst-order model as expressed by eqn (2); the value of the rate constant k usually acts as an indication of the activity of the photocatalysts. can be found that both the photocatalytic rate and the degradation efficiency of the MO decreased as the chain length of the IL increased. On the other hand, from the aspect of the anions of the ILs, BiOBr-C 4 -Br exhibited a better degradation rate than the BiOBr synthesized by the 1-butyl-3-methylimidazolium tetrauoroborate or the 1-butyl-3-methyl-imidazole hexauorophosphate. In addition, the photocatalytic rate followed the same trend. However, dyes can absorb visible light and act as photosensitizers which will obscure the intrinsic activity of the photocatalyst. Therefore, a colourless contaminant should be selected as the model pollutant to further conrm the photocatalytic activity of BiOBr. Tetracycline hydrochloride was chosen as the model pollutant in our next experiment. The photocatalytic performances of BiOBr on the degradation of tetracycline hydrochloride are exhibited in Fig. 4(c) , and demonstrated the same tendency as with MO removal. According to the above results, the photocatalytic activities of BiOBr prepared via an IL method were conrmed. Furthermore, we showed an enhanced photocatalytic activity compared with the previously reported study, 4 which can be ascribed to the multi-reections of the light by the hierarchical morphology.
To investigate the effects of the different types of ILfunctionalized BiOBr samples, PL spectroscopy was performed and spectra are presented in Fig. 5 . The intensity of the maximum emission peaks gradually decreased as the chain length of the ILs increased. Jing et al. 29 argued that stronger PL intensity comes from a higher concentration of oxygen vacancies, and that more efficient photocatalytic activity could be achieved with higher oxygen vacancy concentrations. The reason is that PL emission results from the surface oxygen vacancies during the photoluminescence process, while surface oxygen vacancies are favourable for the photocatalytic oxidation reaction. In Fig. 6 , oxygen vacancies were tested from BiOBr-C 4 -Br; the results can be inferred for BiOBr-C 8 , BiOBr-C 12 and BiOBr-C 16 since all samples were prepared by the same procedure and the oxygen vacancies all originated from O-atoms, which derived from the reagents. Consequently, the trends exhibited by the MO degradation experiments suggested that the results of the degradation of MO were consistent with the PL results.
Electrochemical impedance spectroscopy (EIS), which can be utilized to explore the rules of the photogenerated charge carrier separation procedure, gave the Nyquist plots in Fig. 7 . It was observed that the diameters of the semicircles in the plots became shorter as the chain lengths of the ILs increased. Furthermore, the radiuses of the BiOBr-BF 4 and BiOBr-PF 6 spectra were bigger than those of the other BiOBr samples. The order of the radius length was BiOBr-C 4 -Br < BiOBr-C 8 < BiOBr-C 12 < BiOBr-C 16 < BiOBr-BF 4 < BiOBr-PF 6 , which was consistent with the results of PL spectroscopy and EPR. Our PL and EPR data, and the previously reported results, 29 suggested that the PL intensity became stronger gradually as the concentration of the oxygen vacancies increased. As is known to all, oxygen vacancies can trap photoelectrons to prolong the recombination time of the carriers. 30 Therefore, more electrons and holes can take part in the procedure of photocatalysis. That is to say, the BiOBr samples with smaller radiuses in EIS showed stronger PL intensity, and possessed a higher concentration of surface oxygen vacancies and better photocatalytic activity. BiOBr-C 4 -Br particles had the best efficiencies in the separation of photogenerated electrons and holes. The results indicated that ILs have signicant effects on the charge-transfer process and the efficiency of the interfacial charges, which led to the different photocatalytic performances of the BiOBr in terms of the degradation process.
It is remarkable and well-known that the crystal facet typically has an enormous effect on a catalyst because it may affect the particle size, the material structure, the capability for optical absorption, etc. Several researchers have insisted that ILs have effects on the growth of the crystal facets in synthesized materials, [31] [32] [33] including nanoplate-like BiOBr. Accidently, it was found that the proportion of (011) facets of BiOBr differed from the anions of the ILs used, as listed in Table 1 . However, microowers of BiOBr synthesized without ILs did not have varying proportions of (011) facets. 8, 34 Furthermore, BiOBr microparticles were also obtained by 1-butyl-3-methylimidazolium tetrauoroborate and 1-butyl-3-methylimidazole hexauorophosphate. From the XRD results and the calculation of the proportion of (011) facets, there was an intriguing phenomenon that the ratio of the (011) facets improved as the chain lengths of the ILs increased, which was manifested in Table 1 . The order of the proportion of (011) facets from low to rich was BiOBr-C 4 -Br < BiOBr-C 8 < BiOBr-C 12 < BiOBr-C 16 < BiOBr-BF 4 < BiOBr-PF 6 . The BiOBr prepared by 1-butyl-3-methylimidazolium tetrauoroborate showed a higher proportion of the exposed (011) facets compared to the BiOBr prepared by 1-butyl-3-methylimidazolium bromide, 1-octyl-3-methylimidazolium bromide, 1-dodecyl-3-methylimidazolium bromide and 1-cetyl-3-methylimidazolium bromide. Moreover, BiOBr modied by the 1-butyl-3-methyl-imidazole hexauorophosphate displayed the highest ratio of (011) facets. In other words, to increase the proportion of the exposed (011) facets, BiOBr should be obtained through 1-butyl-3-methylimidazolium tetrauoroborate and 1-butyl-3-methylimidazolium hexauorophosphate. Previously, Zhang and co-workers have computed the density of states (DOS) and partial density of states (PDOS) to verify the surface states of BiOBr. 35 They showed that surface oxygen vacancies existed within all facets, except for the {011} facets. Based on the calculation of (011) facets exhibited in Table 1 , it is evident that the proportion of (011) facets changed regularly (the ratio of the (011) surface increased as the chain length of the IL decreased). A possible mechanism is proposed on the basis of the previous study 29, 35 and the above experimental results. As is known to all, oxygen vacancies can trap photoelectrons to prolong the recombination time of the carriers, which makes it possible to separate the electrons and holes initially. The enhancement in the photocatalytic activity of the as-prepared BiOBr can be explained by the theory illustrated in Fig. 8 . When the catalysts are irradiated by light, the VB electrons of BiOBr samples are excited to the CB level, nevertheless, the holes still remain in the VB. For BiOBr-C 4 -Br, some of the electrons are separated by (011) facets and other surfaces from the holes. Simultaneously, other electrons and holes are accumulated on the (011) facets. When the ratio of (011) facets continuously increases, some electrons or holes can be transferred from other crystal faces to the (011) facets. The charge carriers in the (011) facets are easily recombined due to the lack of oxygen vacancies. Thus, only a few electrons and holes can participate in the photocatalytic reaction. In other words, with a decreasing proportion of (011) surfaces, some electrons or holes can efficiently migrate to other surfaces which are not (011) facets, making charge recombination more difficult. As a result, the photocatalytic activity is enhanced as the proportion of (011) facets decreases. The theory is similar to that proposed in the previous report.
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The recycling tests of the BiOBr-C 4 -Br for tetracycline hydrochloride degradation under visible light were also performed to assess the stability of the samples. As exhibited in Fig. 9(a) , approximately 90% of tetracycline hydrochloride could be removed in the rst round and the efficiency could be retained at 75% aer four runs, indicating that the sample had a good photocatalytic stability aer four recycles. In addition, XRD patterns of the BiOBr-C 4 -Br aer four cycles are displayed in Fig. 9(b) . No obvious change can be found before and aer four cycling experiments, which suggests that the BiOBr prepared via ILs had a stable structure. From the XRD patterns of the pristine BiOBr and BiOBr aer use, it can be deduced that the decrease of photocatalytic efficiency did not originate from structure damage. We suggest that the decline in the photocatalytic activity should be attributed to the processes of recycling and washing which can cause the loss of the photocatalyst. Additionally, the adsorption capability will be decreased aer several runs because chemical adsorption might have happened, which will decrease the adsorption ability of the photocatalysts. Further study is needed to conrm the types of adsorption.
Conclusions
In summary, hierarchical BiOBr microspheres with an average diameter of 2-4 mm have been synthesized successfully via a solvothermal process in the presence of imidazole ILs. The experimental results reveal that oxygen vacancies could be responsible for the enhanced visible photocatalytic activity of the as-prepared BiOBr in terms of its degradation of organic pollutants. This enhancement could be ascribed to the efficient separation of the photoelectron-hole pairs by oxygen vacancies and the variation of crystal surfaces. It is concluded that BiOBr-C 4 -Br which has the lowest proportion of (011) facets shows better photocatalytic activity than the other BiOBr catalysts. This nding provides a new insight into the fabrication and design of the photocatalytic BiOBr catalysts, which could be applied for contaminant removal.
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